The composition of tissue-specific complexes that modify histone is largely unknown. Results: We identified myelin transcription factor 1 (MyT1) as a lysine-specific demethylase 1 (LSD1) complex component by biochemical approaches using Neuro2a cells. This complex directly regulated the phosphatase and tensin homolog (Pten) gene expression. Conclusion: MyT1 is a neuro-specific LSD1 complex component. Significance: A tissue-specific complex component of LSD1 complex was identified.
Regulation of spatiotemporal gene expression in higher eukaryotic cells is critical for the precise and orderly development of undifferentiated progenitors into committed cell types of the adult. It is well known that dynamic epigenomic regulation (including chromatin remodeling and histone modifications by transcriptional coregulator complexes)
is involved in transcriptional regulation. Precisely how these coregulator complexes exert their cell type and developing stage-specific activity is largely unknown. In this study we aimed to isolate the histone demethylase lysine-specific demethylase 1 (LSD1) complex from neural cells by biochemical purification. In so doing, we identified myelin transcription factor 1 (MyT1) as a novel LSD1 complex component. MyT1 is a neural cell-specific zinc finger factor, and it forms a stable multiprotein complex with LSD1 through direct interaction. Target gene analysis using microarray and ChIP assays revealed that the Pten gene was directly regulated by the LSD1-MyT1 complex. Knockdown of either LSD1 or MyT1 derepressed the expression of endogenous target genes and inhibited cell proliferation of a neuroblastoma cell line, Neuro2a. We propose that formation of tissue-specific combinations of coregulator complexes is a critical mechanism for tissue-specific transcriptional regulation.
In multicellular organisms tissue structures are highly organized and show cell type-specific gene expression. This differential gene profile requires highly precise control of gene expression at the transcriptional level (1, 2) . However, the underlying molecular mechanism responsible for such specificity in each cell type, such as neural cells, remains elusive.
One explanation for transcriptional regulation is chromatin reorganization, a process that is controlled by transcriptional coregulators (3) (4) (5) . These transcriptional coregulators can be classified into two groups. The first group comprises ATPdependent chromatin remodeling factors that reorganize nucleosomal arrays and potentiate promoter accessibility of transcription factors (6 -8) . The other group consists of histone modifiers that covalently modify histone tails by acetylation, methylation, ubiquitylation, and phosphorylation (9 -11) . Using biochemical approaches, these transcriptional coregulators have been found in many cases to act as multisubunit protein complexes that possess distinct enzymatic activities (3, 5, 12) .
Of these chromatin modifications, histone lysine methylation is generally regarded as one of the most significant histone modifications to trigger alterations in chromatin structure (13) . Methylation of histone H3K9 leads to chromatin silencing, whereas histone H3K4 methylation induces chromatin activation (9, 11, 14) . A number of histone methyltransferases like G9a (15) and SUV39H1 (16) as well as demethylases like LSD1 (17) and KIAA1718 (18) have been reported to coregulate transcriptional controls through regulation of histone methylation states. In contrast, little is known about how these histone mod-ifiers, despite their global expression pattern, contribute to cell type-specific transcriptional regulation.
Until recently, the composition of the general transcriptional machinery, including core promoter recognition complexes and transcriptional coregulator complexes, were held to be invariant. However, new evidence suggests that significant changes in complex constituents could facilitate global changes in cell type-specific transcription (19, 20) . For example, the general transcription factor complex TFIID appears to be exchanged into TRF3-containing complexes in myogenesis (21) . Furthermore, components of SWI/SNF chromatin remodeling complexes have been shown to vary depending on the specific cell type (22, 23) . Nevertheless, the possibility that histone modifier complex components vary depending on the cell type in question has not been well explored.
Lysine-specific demethylase 1 (LSD1 2 /KDM1a) is the first identified histone demethylase that can demethylate both H3K4me1/2 and H3K9me1/2 as substrates (24, 25) . From previous studies, it is clear that LSD1 has significant roles in transcriptional regulation such as transcriptional repression and gene activation by nuclear receptor ligand (13, 26 -29) . With regard to tissue-specific regulation, in brain tissue, LSD1 is reportedly enriched in the neurons of the hippocampus, cerebral cortex, striatum, and amygdala (30, 31) . LSD1 has also been reported to regulate adult neural stem cell proliferation in cooperation with TLX, an orphan nuclear receptor (17, 32) . Precisely how LSD1 exerts its function in neural cells, especially in protein complex formation, remains to be investigated.
In the present study we isolated LSD1-containing protein complexes from neural cells as a model of a specific cell type and performed proteomic analysis of the purified complexes. From this analysis, we identified myelin transcription factor 1 (MyT1)/neural zinc finger factor 2 (NZF2) as a novel neural cell-specific LSD1 complex component. MyT1 directly interacted with and formed stable protein complexes with LSD1 (designated as the nLSD1 complex). Microarray and chromatin immunoprecipitation (ChIP) experiments revealed that both MyT1 and LSD1 directly regulated the same target genes, including Pten. Thus, we propose that the neural cell-specific nLSD1 complex has a crucial role in neural cell-specific gene expression.
EXPERIMENTAL PROCEDURES
Plasmids, Antibodies, and siRNAs-Full-length mouse Lsd1 cDNA was amplified by PCR from a Neuro2a cell cDNA library and was cloned in-frame into a pQCXIN-FLAG vector and a pGEX-4T1 vector. Full-length and deletion mutants of mouse Myt1 with an N-terminal HA tag were amplified from a Neuro2a cell cDNA library and were cloned in-frame into a pcDNA vector. Anti-FLAG and anti-FLAG M2 agarose were purchased from Sigma. Antibodies for immunoblot and ChIP analyses included anti-LSD1 (Abcam, Cambridge, UK, ab17721), anti-MyT1 (Abcam, ab30997), anti-CoREST (Milli-pore, Billerica, MA, #07-455), anti-HDAC1 (ABR, Golden, CO, #PAI-860), anti-CtBP1 (Santa Cruz, Santa Cruz, CA, sc-17805), anti-SRC1 (Santa Cruz, sc-8995), anti-H3K4me2 (Millipore, #07-212), anti-H3K9me2 (Abcam, ab1220), and anti-H3 (Abcam, ab10799). Antibodies for immunohistochemistry included anti-LSD1 (Abcam, ab31954) and anti-MyT1 (Abcam, ab154516). Pre-designed SMART pool small interfering RNAs (siRNAs) for Myt1 were purchased from Dharmacon (Lafayette, CO), and those for Lsd1 and control siRNA were from Qiagen (Hilden, Germany).
Cell Culture and Transfection-Neuro2a cells were cultured in DMEM plus 10% FBS and antibiotics. To establish Neuro2a FLAG-LSD1 stable transformants, Neuro2a cells were infected with retrovirus carrying the FLAG-LSD1 gene. For transfection, we used Lipofectamine 2000 (Invitrogen) according to the manufacturer's instruction. FLAG-tagged mouse LSD1-expressing retroviruses were generated using PLAT-E cells (33) . The PLAT-E cells were kindly provided by Dr. Toshio Kitamura (University of Tokyo).
Preparation of Nuclear Extracts and LSD1 Complex
Purification-LSD1-containing complexes were purified from Neuro2a cells stably expressing FLAG-LSD1. The cells were cultured in fifty 500-cm 2 TC-treated culture dishes (Corning, Corning, NY). Empty virus-infected Neuro2a cells were used as a negative control. Nuclear extracts were prepared by a modification of the previously described method (17) . Briefly, collected cells were swollen in hypotonic buffer (10 mM Hepes, pH 7.9, 10 mM KCl, 1.5 mM MgCl 2 , 0.5 mM DTT), and 10% Nonidet P-40 was added to a final concentration of 0.6%. Then cells were vortexed for 10 s to remove the cell membrane. Isolated nuclei were collected and dissolved in a 0.5 nuclear pellet volume of low salt buffer (20 mM Hepes, pH 7.9, 25% glycerol, 1.5 mM MgCl 2 , 0.2 mM EDTA, 20 mM KCl). Finally, nuclear proteins were extracted by dropwise addition of 0.5 nuclear pellet volume of high salt buffer (20 mM Hepes, pH 7.9, 25% glycerol, 1.5 mM MgCl 2 , 0.2 mM EDTA, 0.9 M KCl). Prepared nuclear extracts were further fractionated by cation exchange column (SP XL, GE Healthcare) chromatography using a stepwise KCl elution technique. Flow-through fractions were mixed with a 100-l slurry of FLAG M2 resin and incubated for 6 h in a cold room. After washing with BC300 buffer (20 mM Hepes, pH 7.6, 300 mM KCl, 0.2 mM EDTA, 10% glycerol, 0.5 mM phenylmethylsulfonyl fluoride, and 1 mM dithiothreitol), bound proteins were eluted with 200 l of 400 g/ml FLAG peptide (Sigma) in BC100 buffer (20 mM Hepes, pH 7.6, 100 mM KCl, 0.2 mM EDTA, 10% glycerol, 0.5 mM phenylmethylsulfonyl fluoride, and 1 mM dithiothreitol). Size fractionation of purified complexes by glycerol density gradients was performed as described previously (17) .
Mass Spectrometric Analysis-Interactants were excised from the gel and analyzed by LC-MS/MS. Eluted proteins were also precipitated by the methanol-chloroform method, trypsinized, and then directly subjected to LC-MS/MS analysis as previously described (18) . Briefly, a total of 10 l of extracted peptides was analyzed by ESI-MS/MS using a Finnigan LTQ instrument (Thermo Fisher Scientific, Pittsburgh, PA). HPLC was performed with a Zaplous system (AMR, Tokyo, Japan) equipped with C-18 ESI capillary column. The gradient con-sisted of 0.1% formic acid in 2% acetonitrile (A) and 0.1% formic acid in 90% acetonitrile (B): 5-45% B from 0 to 33 min, 45-95% B from 34 to 43 min, and 5% B from 44 to 60 min. The flow rate was 1.3 l/min from 0 to 60 min. MS spectra were recorded over a range of 450 -2000 m/z followed by data-dependent collision-induced dissociation MS/MS spectra generated from the five highest intensity precursor ions.
For protein identification, spectra were processed using Bio-Works Version 3.3 (Thermo Fisher Scientific) against the SEQUEST algorithm. For database searches, mouse.fasta built from the nr.fasta (January 25, 2008) was used. The following parameters were used for the searches: tryptic cleavage up to 2 missed cleavage sites and tolerances of Ϯ2.0 atomic mass units for precursor ions and Ϯ1.0 atomic mass units for MS/MS fragment ions. SEQUEST searches were performed allowing optional methionine oxidation and fixed cysteine carbamidomethylation. Proteins that contained peptides with peptide probability Ͼ1E-3, Sf (final score) Ͼ 0.85, and number of top matches ϭ 1 were selected.
Glutathione S-Transferase (GST) Pulldown Assays-For GST pulldown assays, recombinant GST-fused full-length LSD1 proteins were expressed in Escherichia coli, strain BL21. We purified GST fusion proteins on glutathione-Sepharose 4B beads according to the manufacturer's instructions (GE Healthcare). MyT1 and its mutants were translated in vitro using the TNT Quick Coupled Transcription/Translation Systems (Promega, Madison, WI) according to the manufacturer's instructions and incubated with GST-fused LSD1 immobilized on GST beads for 1 h at room temperature. The beads were washed and boiled with Laemmli sample buffer, subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and assessed by autoradiography.
RNA Isolation, cDNA Synthesis, and Quantitative Reverse Transcription-PCR (qPCR)-Total RNA was extracted by TRIzol (Invitrogen), and cDNA was synthesized using a One Step PrimeScript RT-PCR kit (Takara Bio, Tokyo, Japan). Total RNA (400 ng) was used for reverse polymerase chain reaction (PCR) using a GeneAmp PCR system 9700 (Applied Biosystems, Foster City, CA). qPCR was performed with the Thermal Cycler Dice Real Time System II (Takara Bio) according to the manufacturer's instructions. The primer sequences for each gene were as follows: Pten (forward, 5Ј-ggcactgctgtttcacaaga-3Ј) and reverse (5Ј-gggtcctgaattggaggaat-3Ј); Bst2 (forward, 5Ј-tcaggagtccctggagaaga-3Ј) and reverse (5Ј-attctccagctcctggttca-3Ј); Ptgr1 (forward (5Ј-cactggaggaagctttgagg-3Ј) and reverse (5Ј-accacagatggcaatccttc-3Ј). For mouse Rplp0, Lsd1, and Myt1, pre-designed primer sets were purchased from Takara Bio. RNA levels were normalized using Rplp0 gene as an internal standard.
ChIP Assays-Neuro2a cells were cross-linked for 10 min at room temperature with 0.75% formaldehyde-containing PBS; cross-linking was stopped with PBS-glycine (0.3 M final). Cells were washed twice with ice-cold PBS, scraped, centrifuged for 10 min at 3000 rpm, resuspended in cell lysis buffer (50 mM Tris, pH 8.1, 1% SDS, 10 mM EDTA), and incubated for 10 min on ice. Lysates were then sonicated to obtain DNA fragments averaging 200 -500 bp in length. Sonicated lysates were cleared by centrifugation and diluted in dilution buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris-HCl, pH 8.1, 167 mM NaCl) and immunoprecipitated overnight with 2 g of indicated antibodies. Immunoprecipitated DNA was analyzed by qPCR (KAPA SYBR FAST Universal 2ϫ qPCR Master Mix, KAPA Biosystems, Woburn, MA) together with 2.7% of the input chromatin. Specific primer pairs were designed to amplify the promoter region of the mouse Pten gene: [a] (5Ј-tgatccagtgtttcagcttagg-3Ј and 5Ј-gttcttttcccaggggactt-3Ј), [b] (5Ј-caggtttgttctgggctgac-3Ј and 5Ј-gctggttaggcttaccgatg-3Ј), [c] (5Јgcacacagataggggaatgg-3Ј and 5Ј-gcggtcggaactactttcag-3Ј) and [d] (5Ј-agttggccagtcattgctct-3Ј and 5Ј-ggggtccttattgccattct-3Ј).
Microarray Analysis-Percellome microarray analysis was performed to calculate mRNA copy numbers per cell as previously described (34, 35) . Briefly, cells treated with each siRNAs for 48 h (n ϭ 3) were lysed in RLT buffer (Qiagen). The DNA concentration was measured, and the appropriate amount of spike RNA mixture was added to the samples in proportion to their concentration. Then total RNAs were purified using an RNeasy Mini kit (Qiagen). First-strand cDNAs were synthesized by incubating five g of total RNA with SuperScript II reverse transcriptase (Invitrogen). After second-strand synthesis, the double-stranded cDNAs were purified using a MinElute Reaction Cleanup kit (Qiagen) and labeled by in vitro transcription using a BioArray High Yield RNA transcript labeling kit (Enzo Life Sciences, Farmingdale, NY). The labeled cRNA was then purified using an RNeasy Mini kit (Qiagen) and treated with fragmentation buffer at 94°C for 35 min. For hybridization to a GeneChip Mouse Genome 430 2.0 Array (Affymetrix, Santa Clara, CA), 7.5 g of fragmented cRNA probe was incubated with 50 pM control oligonucleotide B2, 1ϫ eukaryotic hybridization control (1.5 pM BioB, 5 pM BioC, 25 pM BioD, and 100 pM Cre), 0.1 mg/ml herring sperm DNA, 0.5 mg/ml acetylated BSA, and 1ϫ manufacturer-recommended hybridization buffer in a 45°C rotator for 16 h. Washing and staining were performed in a GeneChip Fluidics Station (Affymetrix). The phycoerythrin-stained arrays were scanned as digital image files that were then analyzed with GeneChip Operating Software (Affymetrix). The expression data were converted to copy numbers of mRNA per cell by the Percellome method, qualitycontrolled, and analyzed using Percellome software (34) .
Cell Proliferation Assay-Cell proliferation was determined using a PreMix WST-1 Cell Proliferation Assay System (Takara Bio) according to the manufacturer's instructions. Briefly, cells were treated with siRNA for 24 h in 6-cm dishes, then 2 ϫ 10 4 cells were seeded in a 96-well plate. For WST-1 assays, the cells were incubated for 0.5 h in medium containing the 10% Premix WST-1 reagent at 37°C. Absorbance was then measured using a microplate reader at a wavelength of 450 nm with a reference wavelength of 600 nm.
Immunohistochemistry-A whole brain from an adult mouse (ICR, 8-week-old, male) was fixed overnight with 10% neutralbuffered formalin at room temperature. Antigen retrieval was performed by heating the slides in an autoclave at 121°C for 5 min in citric acid buffer (2 mM citric acid and 9 mM trisodium citrate dehydrate, pH 6.0). Histofine mouse staining kit (Nichirei Biosciences, Tokyo, Japan) and Histofine SAB-PO Kit (Nichirei Biosciences) were used for LSD1 and MyT1 immunohistochemistry, respectively. Dilutions of primary antibodies used in this study were as follows: LSD1 (ab31954), 1/100; MyT1 (ab154516), 1/200. The antigen-antibody complex was subsequently visualized with 3,3-diaminobenzidine (DAB) solution (1 mM DAB, 50 mM Tris-HCl buffer, pH 7.6, and 0.006% H 2 O 2 ) and counterstained with hematoxylin. For double immunostaining, after antigen retrieval, immunoreactivity of LSD1 was first visualized as brown by DAB as described above. The section was subsequently incubated with anti-Myt1 antibody and visualized as blue by NBT/BCIP (Roche Applied Science) using biotin-labeled secondary antibody (Nichirei) and alkaline phosphatase-labeled streptavidin (Roche Applied Science).
RESULTS

Identification of Myelin Transcription Factor 1 as a Novel LSD1
Interactant-To investigate the role of the LSD1 complex in neural cells, we utilized a neuroblastoma cell line, Neuro2a. This neural cell line has been used as a model for verification of gene regulation via epigenetic changes such as histone acetylation (36, 37) . To explore the composition of the LSD1 complex in this cell, we biochemically isolated LSD1-containing protein complexes from Neuro2a nuclear extracts. To purify LSD1-containing protein complexes, we first established a Neuro2a-derived cell line stably expressing FLAG-tagged LSD1 by retroviral infection (Fig. 1A) . FLAG-LSD1-containing protein complexes were affinity-purified from ϳ200 mg of Neuro2a-FLAG LSD1 nuclear extracts using anti-FLAG antibodies following the chromatographic scheme indicated in Fig. 1B . Neuro2a-FLAG LSD1 nuclear extracts were affinity-purified with an anti-FLAG antibody column using the flow-through fractions from a cation exchange SP XL column. The anti-FLAG affinity eluate was subjected to SDS-PAGE and silver-staining (Fig. 1C ). Neuro2a FLAG-LSD1 cell-specific bands were cut from the gel and then subjected to ion trap mass spectrometric analysis for protein identification. As anticipated, we identified known interactants of LSD1 such as CoREST, HDAC1/2, and CtBP1/2 (26) that have transcriptionally repressive features. In addition, our analysis revealed the association of LSD1 with MyT1/neural zinc finger 2 (NZF2), a neural cell-specific zinc finger factor, the role of which was largely unknown (38, 39) . The association between these proteins and LSD1 was specific, as the affinity eluate from a control cell lacked their presence (Fig. 1D) . The reverse co-immunoprecipitation using Neuro2a cells showed that immunoprecipitation MyT1 Is a Subunit of the Neuro-specific LSD1 Complex JUNE 27, 2014 • VOLUME 289 • NUMBER 26
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with anti-MyT1 antibody also brought down endogenous LSD1 and CoREST (Fig. 1E) .
To examine the tissue distribution of Myt1 mRNA, we carried out real-time qPCR analysis using an adult mouse cDNA library. Consistent with previous reports, Myt1 mRNA was specifically expressed in brain tissue ( Fig. 2A ). Next, we performed immunohistochemical staining for LSD1 and MyT1 using adult mouse brain sections and found that both factors were positive in the nuclei of neural cells in the same region (cerebral cortex) as shown in Fig. 2B . Furthermore, double immunostaining using MyT1 and LSD1 antibodies showed that the expression of both factors significantly overlapped in the nuclei of TuJ1-positive neurons (Fig. 2C) but not in glial fibrillary acidic proteinpositive glial cells (data not shown). Together, these data show that LSD1 and MyT1 form a protein complex in TuJ1-positive neurons in the adult mouse brain.
MyT1 Forms a Stable Multiprotein Complex with LSD1, CoREST, and HDAC-To determine whether MyT1 formed a stable complex with LSD1, the purified FLAG LSD1-interacting proteins were separated on 10 -40% glycerol density gradients to fractionate the protein complexes by molecular size (Fig.  3A) . Each separated fraction was enriched by TCA precipitation and then subjected to SDS-PAGE. As shown in Fig. 3B , Western blotting demonstrated that some of the proteins (MyT1, CoREST, and HDAC1) co-fractionated with FLAG LSD1, peaking in fractions five and six. On the other hand, CtBP1 peaked in fraction three, suggesting that CtBP1 was present in other protein complexes or could not form a stable complex with MyT1 and FLAG LSD1 under these conditions (40) . Next, the peak glycerol gradient fraction (six) of MyT1 protein was subjected to further ion trap mass spectrometric analysis (Fig. 3C) , and the identified proteins are listed in Fig.  3D . These data suggest that MyT1 and LSD1 form a transcriptionally repressive stable multiprotein complex containing several proteins such as CoREST and HDAC1/2 but not CtBP1.
In addition, our in vitro binding experiments using recombinant GST-fused LSD1 proteins (Fig. 4A ) indicated direct interaction between LSD1 and MyT1 through the 361-794-amino acid region of MyT1 protein (Fig. 4B ). Taken together, these studies suggested that LSD1 and MyT1 interacted directly with each other to form a novel complex that is present specifically in neural cells. Thus, this complex is a neural lineage-specific LSD1 complex that we designated "nLSD1 complex" (neural cell-specific LSD1 complex).
MyT1 and LSD1 Regulate Neural-specific Genes as a Protein Complex-To explore the targeted genes of the nLSD1 complex in Neuro2a cells, we performed global expression analysis using RNA from Neuro2a cells. For this expression analysis, we utilized the Percellome microarray method to quantify the mRNA molecules per cell based on the measurement of cell number (34) . Total RNA from Neuro2a cells treated with siRNA against either Lsd1 or Myt1 genes were used in gene expression profiling analysis (Fig. 5, A and B) . A total of 598 and 443 known genes showed at least 2-fold up-regulation (p Ͻ 0.05) in siMyt1-and siLsd1-treated cells, respectively ( Fig. 5C, upper figure) . And 266 and 601 genes showed Ͼ2-fold down-regulation in siMyt1 and siLsd1, respectively ( Fig. 5C, lower figure) . 69 and 48 genes in each group matched, respectively, which are candidate target genes of nLSD1 complex. Fig. 5D lists the genes in which the transcript copy number was above 0.1 per cell. In this list several genes such as Acp1 (41), Pten (42), Nek3 (43), St18 (44), and Prkg2 (45) were reported to have a role in neural cells. Notably, Acp1, Pten, and St18 genes were reported to negatively regulate cell proliferation (46 -48) . As the nLSD1 complex had transcriptionally repressive components such as CoREST and HDACs, we focused on up-regulated genes in this experiment. To validate the results of the expression analysis, we selected three genes (Pten, Bst2, and Ptgr1) for qPCR analysis. Consistent with the microarray analysis, all three genes were up-regulated by both Myt1 and Lsd1 knockdown (Fig. 5E ). Furthermore, double knockdown failed to further enhance gene expression compared with single knockdown (Fig. 5E ), implying that both factors were in the same pathway and that MyT1 and LSD1 proteins co-regulated these genes as a complex.
The nLSD1 Complex Directly Targeted Pten Gene Expression through Epigenetic Regulation-From the expression analysis, we selected the Pten gene as a candidate target of the nLSD1 
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complex. To determine whether the nLSD1 complex directly controlled this gene, we conducted ChIP assays using Neuro2a cells. Using antibodies shown in Fig. 6A , the immunoprecipitated chromatin samples were subjected to qPCR using primers corresponding to the indicated promoter regions of the Pten gene. The distal region of the Pten gene promoter (5.0 kb upstream from the transcription start site) was used as a negative control. As shown in Fig. 6A , MyT1 and LSD1 were both detected in the promoter region of the Pten gene but not in the distal region, suggesting that this gene was directly targeted by the nLSD1 complex.
Next, we used ChIP analysis to determine if the recruited nLSD1 complex modified histones at the Pten promoter. Knockdown of either Myt1 or Lsd1 attenuated demethylation of H3K4me2 without affecting the H3K9 methylation state (Fig.  6B ). Furthermore, knockdown of Myt1 by siRNA decreased the amount of LSD1 recruitment at the Pten gene promoter (Fig.  6C) . Therefore, it appears that the nLSD1 complex directly bound to the Pten gene promoter through MyT1 protein and demethylated H3K4me2 at its promoter. It is well established that Pten protein negatively regulates cell proliferation and its overexpression alone can induce cell cycle arrest (47, 49, 50) . 
Finally, we explored the effects of Myt1 and Lsd1 RNAi on cell proliferation of Neuro2a cells. As shown in Fig. 6D , Neuro2a cell proliferation decreased due to down-regulation of either Myt1 or Lsd1 expression. Taken together, it appears that the nLSD1 complex controls cell proliferation, presumably via Pten gene regulation in Neuro2a cells.
DISCUSSION
Gene regulation requires basic transcriptional machinery as well as transcriptional coregulators (2, 51, 52) . Transcriptional coregulators include ATP-dependent chromatin remodeling factors and histone modifiers (5) . Biochemical approaches have shown that these transcriptional coregulators act in many cases as multisubunit complexes that possess distinct enzymatic activities (3). However, there had been little information about the compositional exchanges in these coregulators in a developmental stage-and cell type-specific manner. In this context, studies of the TRF3 complex (myogenesis-specific TFIID-like complex) and nBAF complex (neurogenesis-specific SWI/SNF complex) suggested that significant changes in these transcriptional regulators might facilitate tissue-specific transcriptional regulation (19 -22, 53, 54) . However, it has remained elusive whether switching of these complex components occurs in histone modifier complexes.
In the present study we demonstrated that histone demethylase LSD1 forms a neural cell-specific complex (nLSD1) that is critical for transcriptional regulation in Neuro2a cells. The nLSD1 complex is composed of LSD1, CoREST, HDAC1/2, and MyT1, a neural cell-specific zinc finger factor that directly interacts with LSD1. Previously, neurospecific LSD1 isoforms were reported to be essential for neurite maturation (31), although binding of MyT1 is not limited to a specific LSD1 isoform (data not shown). The identification of the nLSD1 complex shows that histone modifying factor complexes can also form a tissue-specific multiprotein complex like other transcriptional apparatus such as the TFIID complex and the SWI/SNF complex (19) . This finding supports and extends the recent evidence that significant switching in general transcription machinery facilitates global changes in cell type-specific transcription.
The Myt1 gene was initially cloned from a fetal brain-derived cDNA library as a cis-regulatory element of the Plp1 gene binding factor (38) . It is one of the three C2HC-type zinc finger factors that include MyT1, MyT1L, and MyT3 (39, 44, 55) . All these paralogues are highly expressed in developing neuronal cells (39, 55, 56) . MyT1 can behave either as a transcriptional activator or a repressor in a cell context-dependent manner, although the precise mechanisms by which MyT1 regulates specific target genes remain obscure (39, 57) . Using a biochemical approach in this study, we found that LSD1 forms a multiprotein complex containing MyT1 as a neural cell-specific complex component. This result can explain the transcriptional repression mechanism of MyT1 for its targeted genes. From the present data (Fig. 6C) , it is possible that MyT1 recognizes its targeted DNA sequences and recruits the complex to the sequences, a function that is analogous to DNA binding transcription factors. This hypothesis stems from the fact that MyT1 contains C2HC-type zinc finger motifs and that MyT1L, a paralogue of MyT1, reportedly binds to specific DNA sequences based on in vitro DNA binding experiments (39, 58) .
Recently, Myt1l was reported to be one of the three genes necessary for the efficient in vitro conversion of mouse fibroblasts into functional neurons (59) . We have confirmed that the interaction between MyT1 and LSD1 is conserved among the MyT family of proteins (data not shown). Thus, LSD1 might be involved in this direct conversion process as a partner of MyT1L. It is possible that the MyT family of proteins coordinately modulates neuro-specific genes by regulating each specific target gene forming complexes with LSD1.
In the microarray analysis, a large fraction of the genes were specific targets of either MyT1 or LSD1 (Fig. 5C ). We attribute this result to the likelihood that there are multiple protein complexes that contain MyT1 or LSD1. In fact, MyT1 is reported to form a complex with Sin3B (57), and LSD1 is reported to form a complex with many factors such as Mi-2 and MLL1 (60, 61) . We believe that this is why a large fraction of the genes were not observed in common. ChIP-seq experiments for both MyT1 and LSD1 would add important information in this regard. 3 Importantly, most previous studies isolating histone modifier complexes used widely utilized cell types such as HeLa cells and S2 cells (26, 28) . In contrast, the present study is the first case in which histone modifier complexes were purified from lineage-specified cells (Neuro2a). Therefore, it is conceivable that as yet unidentified tissue-specific factors could form complexes with LSD1 in different cell types to facilitate tissue-specific transcriptional regulation. Future identification of another tissue-specific LSD1 complex would provide additional details of specific transcriptional regulation. Furthermore, because LSD1 is reported to be a potential drug target in many diseases such as cancer and mental disorders (24, (62) (63) (64) (65) , our findings provide an attractive rationale for tissue-specific drug actions. Thus, further cell type-specific components of transcriptional coregulator complexes are expected to be identified in the near future.
